We report visualization of three-dimensional domain structures in ferroelectric PbTiO 3 (PTO) nanotubes (NTs) using piezoresponse force microscopy (PFM). The domain distributions of the x, y, and z-axes in PTO NTs were separately measured out-of and in-planes at angles of 0 and 90 by vertical and lateral PFM. The separately obtained PFM images were combined to reconstruct the complex domain structures based on some basic assumptions and finite element modeling. The cross-sectional domain configurations of the PTO NTs were visualized by the proposed approach. The results can provide insight into complex domain configurations of ferroelectric nanostructures. Ferroelectric materials possess anisotropic physical properties including, piezoelectricity, pyroelectricity, and high dielectric constants, that make these an important class of materials with practical applications in microactuators, sensors, and capacitors.
1 Ferroelectric film structures have been extensively investigated for potential applications in non-volatile ferroelectric random access memory (FeRAM) and microelectromechanical systems.
2, 3 Recently, lowdimensional ferroelectric nanostructures have received considerable attention because of a unique ferroelectric domain configuration that forms complex nanoscale architectures. [4] [5] [6] [7] [8] [9] Zinc oxide (ZnO) nanowires have been most widely used in one dimensional (1D) nanoscale piezoelectric applications because of the simple fabrication routes to high quality crystalline arrays. 10 ). This has encouraged studies into the fabrication and application of 1D nanostructures with higher piezoelectric properties. 6, 11, 12 For example, 1D ferroelectric nanostructures including nanowires (NWs) and nanotubes (NTs) of BaTiO 3 , PTO, and PZT with high crystallinity have been fabricated and their ferroelectric properties have been explored using various techniques including piezoresponse force microscopy (PFM). 8, 9 Ferroelectric NTs show a greater potential for functionalization than NWs as the hollow structure and high aspect ratio are suitable structures for nanoscale actuators and generators as well as three dimensional (3D) stacking elements in FeRAM. 8, [13] [14] [15] The performance of these NTs can be fundamentally understood through the domain structures that result from energy minimization of collective permanent electric dipoles coupled to structural lattice distortions. Observation of the detail of these ferroelectric domains in structurally confined and free-standing NTs and understanding the 3D domain configurations is of both fundamental interest 16 and paramount to the use of ferroelectric NTs in the practical applications.
Of various characterization techniques used to study ferroelectric domain configurations at the nanometer scale, PFM is a powerful tool owing to its high spatial resolution, simple implementation, and effective sample manipulation capabilities. 7, [17] [18] [19] [20] The PFM measurement operates by detection of a local piezoresponse under an applied electric field 21 and has been used to investigate local piezoresponse [5] [6] [7] and domain structures 6, 7 in investigations of ferroelectric nanostructures. 22 However, previous studies on ferroelectric tubular structures have only been performed along the axial direction. These results cannot provide detailed information on the domain structures of ferroelectric nanotubular structures. Out-of-plane analysis (vertical PFM; VPFM) combined with in-plane analysis (lateral PFM; LPFM) are tools that can provide a complete visualization of the 3D domain structure of the NT structures. 18, 21, 23 In this work, we explore the 3D ferroelectric domain configurations of the PTO NTs using VPFM and LPFM.
Ferroelectric PTO NTs were prepared by high temperature reactions with template-assisted and atomic layer deposition grown TiO 2 NTs and PbO powder (Sigma Aldrich) as previously reported. [24] [25] [26] [27] The individual TiO 2 NTs were deposited onto a Pt/Cr/SiO 2 /Si substrate by a drop casting and dispersion method. The TiO 2 NTs were positioned in a tube furnace at a point with a temperature of 400 C and PbO powder in the crucible was heated to 600 C for 1 h. Following the reaction, the TiO 2 NTs were converted to PTO with a nanotubular structure and randomly oriented perovskite phases. Scanning (SEM, JEOL, Japan) and transmission electron microscopies (TEM, JEM-2100F, JEOL, Japan) were used for morphological and structural studies. A commercial atomic force microscope (SPA400, Seiko, Japan) was combined with a lock-in amplifier (SR830, Stanford research systems, USA) to perform PFM measurements. VPFM and LPFM measurements were performed to image out-of-plane and in-plane polarization components, respectively. An ac modulation voltage of 1.0 V rms at 17 kHz was applied to the bottom electrode connected to the sample and the platinum-coated probe was grounded during the PFM measurements. Figure 1 shows electron micrographs (SEM and TEM) of the resulting PTO NTs with an average diameter of 88.5 6 3.2 nm and a wall thickness of 28.4 6 1.2 nm. 28 The inset of Fig. 1(a) clearly shows that the hollow structure of the PTO NT was maintained during the high-temperature solid phase reaction with PbO vapor and that all the TiO 2 NTs were fully converted to PTO. The selected area electron diffraction (SAED) pattern shown in the inset of Fig. 1(b) confirmed that the fabricated NTs were fully transformed to a polycrystalline tetragonal PTO structure with elongated grains.
Both VPFM and LPFM images were obtained with topography of the PTO NTs as shown in Fig. 2 . In the topography image shown in Fig. 2(a) , the diameter of the PTO NT was estimated at about 90 nm, consistent with that observed by electron microscopy. The PFM images show complex multi-domain structures arising from the polycrystalline nature of the PTO NTs. In these VPFM and LPFM images, each phase and amplitude image represents polarization direction and intensity along the axis, respectively. As these PTO NTs show a polycrystalline nature, understanding the domain configuration necessitates exploration of the x, y, and z-axes. However, the mechanism only allows two dimensional information (e.g., P x and P z ) to be obtained at single physical angle between the cantilever and the sample. After the VPFM and LPFM measurements at one physical angle, we physically rotated the PTO NT by 90 and again measured the LPFM (P y ) of the PTO NT to obtain additional inplane information (e.g., P y ) as shown in Figs. 2(d) and  2(g) . 23 All the phase and the amplitude PFM images of the three axes P x , P y, and P z are shown in Figs. 2(b)-2(g) . The LPFM phase images in Figs. 2(c) and 2(d) show different contrast indicating different in-plane polarization directions in each axis. We note that, in some cases, artifacts can arise related to the coupling of VPFM and LPFM signals taking place on the sloping edges of nanostructures, 29, 30 However, we did not observe higher response at the perimeter, which may be interpreted as artifacts.
The PFM images shown in Fig. 2 provide only planar information of the ferroelectric domains of each axis. As the PTO NTs have curved structures unlike the planar films, it is necessary to understand the electric field distributions dependence of the tip position to analyze the piezoresponse dependence of the tip positions. Thus, the electric potential distributions of the NTs at two different tip positions were calculated by finite element modeling as shown in Fig. 3 (a) and 3(b). As for a planar structure, 31 the electric field is concentrated underneath the tip in both cases. When the tip is placed near the highest point of the NT, the electric field is symmetrically distributed as illustrated in Fig. 3(a) . In such a case, the piezoresponse is presented as an integrated signal with equal contributions from both sides. However, in the case where the tip is placed to the side [ Fig. 3(b) ], the electric field concentrated at one side of tip. We simplify the situation by the following assumptions: as the electric field at the side of the NT is concentrated predominantly at one side, (1) we assume that the signal obtained arises from only the side of the NT where the tip is positioned. During the PFM measurements, the tip does not come into physical contact with the lower parts of the PTO NTs; however, (y-axis) , respectively. It is noted that LPFM (P y ) images of (d) and (g) were obtained after physical rotation of the NT by 90 . Scale bar is 100 nm. 2013) piezoresponse signal can be collected even from a few micrometers below the surface. 32 This means the piezoresponse signal from the lower parts of the PTO NTs can only be measured when the tip comes into physical contact with the upper surface of the PTO NTs. (2) we also assume that the total PFM signal also has contributions from the substrate.
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In Figs. 4(a)-4(c) , the polarization directions were determined from the PFM phase images of each axis. We combined the ferroelectric domain information of all the three axes to reconstruct the domain configurations of the PTO NTs as shown in Fig. 4(d) . The color map in Fig. 4(d) shows polarization directions of the reconstructed domain configurations. To further evaluate the cross-sectional ferroelectric domain configurations, we considered the domain boundaries as zero-piezoresponse regions, meaning that the integrated piezoresponse from the substrate to the domain boundary is zero. This first assumption of setting the boundaries to zero requires two opposite signals with same intensity. On the basis of these assumptions, we were able to illustrate the cross- Fig. 4(d) . For the line a-a 0 , there is one in-plane domain boundary (P x and P y ) and an out-ofplane domain (P z ) that remain unchanged along the line. As the in-plane domain configuration changes at the domain boundary, the in-plane response (P x ) should be zero at the domain boundary of the line a-a 0 . To further clarify the analysis procedure, we divided the left part of the domain boundary of the line a-a 0 into seven segments (named from A to G) and illustrated the polarization directions for each segment at the inset of Fig. 4(e) . As mentioned previously, the measured signal is the integrated piezoresponse signal from the bottom of the NT to the tip position. Therefore, the resulting polarization directions at each point (from 1 to 7) can be illustrated as shown by the set in Fig. 4(e) . When the tip moves from point 3 to point 6, the dominant in-plane and out-ofplane information is unchanged. However, as the in-plane signal (P x ) must be zero at the boundary (point 6) between the segments F and G, half of the volume between the segments from A to F needs to have the opposite in-plane direction (P x ) [see Fig. 4(e) ]. Therefore, the angles a and b should be the same. By measuring each segment from D to F by physical contact of the tip with the NT, the total amplitude decreases; however, the total phase maintains its original direction until the tip crosses the boundary (point 6) between segments F to G. For the line b-b 0 , there is a boundary at the right side of the NT and the angles a 0 and b 0 can be determined in the same manner. The domain configurations can eventually be reconstructed as illustrated in Fig. 4(f) .
In summary, we have analyzed the 3D domain configuration in ferroelectric PTO NTs using VPFM and LPFM. Based on electric field calculations and subsequent assumptions, we were able to determine the cross-sectional ferroelectric domain configurations of the PTO NTs. This work provides insight into complex domain structures of ferroelectric nanostructures. Furthermore, the understanding of complex ferroelectric domains in 1D nanostructures can provide useful information on the design of the nanoscale materials for practical applications. The righthanded figure of (e) presents the reconstruction procedure for the line a-a 0 .
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